change impacts. A well-developed literature exists on the costs of mitigation , founded on a long history of organized model comparison studies (for example, Kriegler et al. 2014) . But for climate change impacts, controlled modeling studies of the consequences of alternative climate futures are less common .
BRACE, and studies like it (Arnell et al. 2013; EPA 2015; Houser et al. 2015; Warszawski et al. 2014) , are aimed at furthering our understanding of how impacts vary across levels of climate change by carrying out a consistent set of impact analyses within a single experimental design. The BRACE project was coordinated at the National Center for Atmospheric Research (NCAR) and involved the participation of over 50 scientists from 18 institutions. This special issue reports the results of the study in the form of 20 papers covering physical impacts on the climate system (with a focus on extreme events), impacts to health, agriculture, and coastal regions (from tropical cyclones), and methodological issues related to climate model emulation. It includes a synthesis paper (O'Neill et al. 2017b ) that describes the study design and modeling framework, synthesizes results, and discusses limitations and future directions. Here, we provide a brief summary of the project design, expanding on its relation to the scenario literature, and an overview of the papers included in the issue. While we leave the discussion of results mainly to the synthesis paper, we extend it here to include some additional detail on the relationship between BRACE results and those from other avoided impact studies, and emphasize future research needs.
The BRACE project framework
The BRACE experimental design compares impacts of various types across two scenarios of future greenhouse gas concentrations, Representative Concentration Pathways (RCPs) 8.5 and 4.5, based on an enemble of climate outcomes simulated with a single model: the Community Earth System Model (CESM) version 1.1. Most BRACE studies draw on a 30-member initial condition ensemble of RCP8.5 (Kay et al. 2015) , referred to as the CESM Large Ensemble (CESM-LE), and a new 15-member ensemble of RCP4.5 (the CESM Medium Ensemble, CESM-ME) developed for the BRACE study . The two scenarios lead to an increase in global mean temperature of about 3.7 and 2.5°C relative to pre-industrial, respectively, by 2060-2080. The initial condition ensembles allow the project to characterize more precisely extreme events associated with these scenarios, and to better distinguish forced responses from internal variability.
Impact assessments in BRACE focus on changes to the physical climate system and to biophysical and societal impacts related to agriculture, health, and coastal regions. Since impacts depend on assumptions about future societal conditions as well as future climate change, societal impact studies employ future socioeconomic conditions based on Shared Socioeconomic Pathways (SSPs) 3 (Regional Rivalry) and 5 (Fossil-fueled Development). These two SSPs offer contrasting visions of future vulnerability to climate impacts , and are consistent with the emissions and concentrations assumed in the two RCPs, as we discuss below.
By being structured around two RCPs and two consistent SSPs, the BRACE study represents a contribution to integrated assessments based on the so-called new scenario framework . The RCPs and SSPs were designed to provide alternative climate and societal futures (respectively) that could be combined to investigate how impacts and mitigation or adaptation responses might vary depending on future climate or societal conditions. BRACE focuses on a subset of possible RCP-SSP combinations that explores these sensitivities. RCPs with lower forcing and less climate change than those used here could have been chosen. For example, RCP2.6 leads to about 2°C of future warming, consistent with one of the long-term climate targets in the Paris Agreement. Indeed, understanding risk reduction that would result from deeper emission reductions than those represented in BRACE is also important, and an extension of the project, BRACE 1.5 (http://www.cgd.ucar.edu/projects/chsp/brace1.5.html), is currently underway that will examine impacts associated with climate scenarios that stabilize at either 2 or 1.5°C of warming, as generated with CESM (Sanderson et al. 2017) .
However, the choice of RCPs 8.5 and 4.5 has a number of benefits. RCP8.5 assumes no emission mitigation is undertaken and provides a scenario representative of high forcing pathways in the literature, useful for characterizing potentially high risk outcomes. RCP4.5 assumes moderate emission reduction takes place which, while not sufficient to achieve the targets in the Paris Agreement, may be more consistent with current emission trajectories and policy commitments. These two RCPs are also included in one recent avoided impact study for the USA (Houser et al. 2015) ; another (EPA 2015) used a reference scenario similar to RCP8.5 paired with a lower mitigation scenario. In addition, these two RCPs are the focus of the current US National Climate Assessment. BRACE results can therefore contribute to literature and assessment using these scenarios.
In combining RCPs with SSPs, care must be taken to ensure that they are consistent with each other; that is, that the socioeconomic conditions assumed in the SSPs could plausibly lead to the emission and concentration pathways assumed in the RCPs. In the case of RCP4.5, this is straightforward. Emission scenarios based on the SSPs show that in all cases, baseline scenarios that assume no mitigation produce emissions that lead to more than 4.5 W/m2 of forcing in 2100 (Riahi et al. 2017) . Therefore, for all SSPs, assumptions about emission mitigation can be added to produce scenarios that are consistent with RCP4.5.
However, for RCP8.5, the situation is more complicated. Current emission scenarios indicate that all but one of the SSPs (SSP5) fail to produce emissions that grow rapidly enough over time to reach 8.5 W/m2 of forcing by the end of the century (Riahi et al. 2017 ). This would suggest that the BRACE pairing of SSP3 with RCP8.5 is inconsistent. The limitation of only using SSP5, and no other SSP, in combination with RCP8.5 is a real obstacle to impact studies. SSP5 assumes very rapid economic and human development, producing optimistic outcomes in terms of reduced vulnerability to climate change. Therefore, this limitation prevents exploration of futures with both substantial climate change (as assumed in RCP8.5) and high societal vulnerability, as for example in a pessimistic societal development scenario like SSP3.
The BRACE project therefore developed a variant of SSP3 that assumes somewhat higher economic growth rates than in its original incarnation, sufficient to drive energy demand and greenhouse gas emissions to levels consistent with RCP8.5, but still low enough to keep the scenario relatively pessimistic in terms of economic and human development outcomes. This higher growth variant of SSP3 (SSP3-HG) ) could be considered for use in other impact studies facing the same limitation of the current set of SSPs and RCPs. It would also be possible to develop other high-emission variants of SSP3, for example, by assuming carbon subsidies are implemented.
The BRACE special issue
The special issue begins by examining broad features of climate system outcomes associated with the two RCPs, and means for emulating them. Sanderson et al. (2015) present the CESM-ME simulations and compare key features with results from the CESM-LE, showing differences in mean temperature and precipitation as well as in measures of extremes at the monthly time scale. Two papers then use the two ensembles to demonstrate successful approaches to emulating CESM outcomes for mean seasonal temperature and its variability (Alexeeff et al. 2016 ) and extreme precipitation (Fix et al. 2016 ) using statistical models. Such emulation approaches can facilitate the production of climate information for use in avoided impact studies.
A group of five papers focuses on differences between RCPs in extreme events. Tebaldi and Wehner (2016) examine differences in daily temperature extremes, while Lehner et al. (2016) assess differences in record-setting seasonal temperatures. Oleson et al. (2015) investigate multi-day heat (or cold) wave outcomes, distinguishing in particular between those occurring in urban versus rural areas. Xu et al. (2015) test the sensitivity of heat extremes to aerosols by producing a third CESM ensemble that replicates the CESM-LE but with fixed aerosol concentrations. Lin et al. (2015) use the same ensemble to look at the relative influence on aridity of greenhouse gases and aerosols.
Another five papers investigate avoided health impacts between scenarios. Jones et al. (2018) and Monaghan et al. (2015) model future population exposure to health risks, in the first case to rural and urban heat waves, and in the second case to the virus vector mosquito Aedes aegypti, which can transmit the viruses responsible for dengue fever, Zika, chikungunya, and yellow fever. Anderson et al. (2016a, b) go beyond exposure to model the occurrence of Bhigh mortality^heat waves in the USA-those anticipated to lead to a more than 20% increase in mortality rates. Marsha et al. (2016) focus on a single US city (Houston) in more detail, modeling potential future heat-related mortality under both scenarios.
In the agriculture area, Levis et al. (2016) use a new version of the Community Land Model (the land surface component of CESM) that includes a number of explicit crop types to examine climate effects on potential yield and crop water demand across scenarios. Tebaldi and Lobell (2015) take another approach to estimating potential yield effects, developing an empirically based statistical model for global yield and using it to project future impacts. Ren et al. (2016) build on the CLM results, using a global integrated assessment model to investigate the consequences of these potential yield effects for the agricultural economy.
For tropical cyclones, Bacmeister et al. (2016) carry out high-resolution time-slice experiments with the Community Atmosphere Model (the atmospheric component of CESM) to simulate future tropical cyclone activity under both scenarios. Gettelman et al. (2017) combine these projections with the projected economic value of coastal assets to estimate cyclonerelated damages. Done et al. (2015) take a different approach, developing and applying an index of cyclone damage that is based on large-scale features of climate to project potential impacts.
O 'Neill et al. (2017b) synthesize the wide range of results produced by the BRACE papers. As a high level summary, the project finds that in many cases, the impacts avoided by following RCP4.5 rather than 8.5 are substantial, particularly for extreme events. In some other cases, the conclusions are more nuanced. The magnitude or even sign of the avoided impacts can depend on model assumptions, as is the case most prominently for assumptions related to the CO 2 fertilization effect on crop yields. In other cases, such as for some healthrelated outcomes, avoided impacts are relatively modest and are more sensitive to assumptions about societal conditions than to climate change. And in some cases, particularly related to tropical cyclones, natural variability makes it difficult to draw robust conclusions about the effect of reduced climate change.
Discussion, caveats, and future needs
The results of the BRACE study are broadly consistent with other avoided impact studies. We take as representative points of comparison two studies of US impacts, the Climate Change Impacts and Risk Analysis project (CIRA; EPA 2015) and the American Climate Prospectus (ACP; Houser et al. 2015 and see also Hsiang et al. 2017) , and two global studies, the Inter-sectoral Impact Model Intercomparison Project (ISIMIP; Warszawski et al. 2014 ) and the closely related Agricultural Model Intercomparison and Improvement Project (AgMIP; Nelson et al. 2014; Rosenzweig et al. 2014) . Although most have results for RCPs 8.5 and 4.5 (and in some cases, additional climate scenarios), these studies are not perfectly comparable to BRACE. CIRA and ACP focus on the USA only, while most of the BRACE studies were global in extent (with US results not always broken out). CIRA uses a mitigation scenario that is lower than RCP4.5. ACP estimated impacts of future climate on current socioeconomic conditions, without using scenarios of future societal development. The first round of ISIMIP assessments focused largely on biophysical impacts rather than societal impacts, and AgMIP is of course limited to the agricultural sector. Some other projects, such as AVOID (Arnell et al. 2013) , are similar to BRACE in spirit but focus on different scenarios and/or sectors, and therefore have little overlap in results.
Nonetheless, some limited comparison is instructive. The BRACE conclusion that RCP4.5 would lead to substantial reductions in extreme heat events and in associated mortality impacts (which were evaluated for the USA only) is broadly consistent with other studies, although metrics of outcomes differ to some extent across studies. BRACE found that population exposure (in the USA and globally) to extreme heat events would be reduced by half in RCP4.5 in the 2061-2080 time period, and the frequency of potentially high-mortality heat waves in the USA would be reduced by a third. The ACP found a reduction by two-thirds in the frequency of 1-in-20-year temperature-related mortality events (Houser et al. 2015, Fig. 8.4 ; reduction from more than six to less than two heat-or cold-related mortality events over the 2060-2080 time period), and a similarly large reduction in overall temperature-related mortality (Houser et al. 2015, Fig. 8.3 , for the 2080-2099 time period), a broader measure than the focus on high mortality events in BRACE. The CIRA project found a more than 40% reduction in US heat-related mortality. ISIMIP did not address this impact in its first round of analysis (where the focus was on malaria), although has work underway in a new round to examine it (Frieler et al. 2016) .
For agriculture, BRACE found relatively modest effects, with mitigation to RCP4.5 increasing potential global crop yields about 5% in the absence of CO 2 fertilization, and reducing them by about the same amount when CO 2 fertilization is included. Results for the USA were slightly larger at approximately +/−10%, without/with CO 2 fertilization. The effect of mitigation on crop price impacts was somewhat larger in magnitude. The ACP projects somewhat larger benefits in the USA of mitigation, finding that, without CO 2 fertilization, the median loss in production declines from −40 to −14% when moving from RCP8.5 to RCP4.5 in the 2080-2099 period (Houser et al. 2015, Fig. 6.6 ). Like BRACE, it finds that including CO 2 fertilization can produce increases in projected yield in both scenarios; e.g., the likely range of effects on production in RCP8.5 is −42 to +12% by the end of the century. The CIRA project finds more consistently beneficial consequences to mitigation, with RCP4.5 leading to increased yields for all crops (relative to RCP8.5) of roughly 5-20% in the 2060-80 period, accounting for CO 2 fertilization, and declines in crop prices of 2-8%. BRACE global results fall within the range of the multi-model comparison carried out in AgMIP, both for potential yield and crop price effects .
For tropical cyclone damages, BRACE found that globally, overall cyclone activity declined in both RCPs, but the frequency of the most intense storms increased, leading to an increase in economic damages to coastal assets. However, results varied regionally, and the opposite held for the USA: changes in tropical cyclone activity led to a decrease in damages, although total damages still increased over time due to increased coastal development. The ACP and CIRA project estimates are not strictly comparable in that they include the effects of both sea level rise and coastal storms (whereas BRACE does not include sea level rise effects). However, the ACP distinguished the effects of these two drivers, finding that, based on projections of increasing tropical cyclone activity from Emanuel (2013) and Knutson et al. (2013) , tropical cyclones would exacerbate the coastal impacts of sea level rise by a factor of 2-3 in 2080-2099 (Houser et al. 2015, Fig. 11.19 and associated text). The CIRA study finds very small benefits of mitigation to coastal property, and does not present results separately for storm changes versus sea level rise.
As pointed to in O'Neill et al. (2017b) , there are a number of limitations to the BRACE study. Accounting for uncertainty is a key limitation. While the approach of relying on singlemodel initial condition ensembles of climate simulations has some benefits related to extreme events and natural variability, it also has the drawback of not incorporating structural uncertainty in the climate model. Other avoided impact studies have taken different approaches to this issue. The first phase of CIRA, for example, used a single climate model, but because it was somewhat simpler than a full earth system model, it was possible to introduce uncertainty in the model's climate sensitivity and carry out multiple simulations (Monier et al. 2015) . CIRA also included uncertainty in spatial patterns of climate change by using a pattern scaling approach based on multiple climate models. This approach introduces parameter uncertainty, and some structural uncertainty, into climate outcomes. Other projects, such as ISIMIP, use a small multi-model ensemble of climate simulations. This approach has the benefit of capturing some structural uncertainty in the model, but selection of a set of models that spans a wide range of uncertainty in key, impact-relevant variables, for multiple regions, can be difficult. Climate model emulation, as explored in Alexeeff et al. (2016) and Fix et al. (2016) in the BRACE project, may offer a way forward in more fully capturing climate model uncertainty in a computationally tractable manner.
The BRACE project accounts for uncertainty in future societal conditions by estimating a number of impacts under two alternative SSPs. This distinguishes BRACE from other projects that do not vary future societal conditions (e.g., CIRA) or that estimate impacts assuming current socioeconomic conditions (e.g., ACP). However, future work could further consider uncertainty in societal conditions by accounting for the time at which a particular level of climate change is experienced. Societal conditions in the same SSP but earlier or later in the century can differ widely, and could also substantially affect results.
An additional key uncertainty only partly accounted for is in the impact models. For example, two separate estimates of climate effects on potential yield are made in BRACE, with both a process-based and a statistical model, but only one set of these results is used in the analysis of economic consequences for agriculture. The economic impact study is itself carried out with a single economic model. CIRA takes a similarly single-impact-model approach, while ISIMIP is designed specifically to estimate uncertainty across models.
In addition, similar to other avoided impact projects, BRACE has treated impacts in a sector-by-sector manner, and does not account for inter-sectoral interactions. For example, yield impacts assumed that wherever crops are specified to be irrigated, sufficient water exists for irrigation. Climate impacts on water available for irrigation, or on water-using sectors such as energy production, do not affect impacts on agriculture. In future work, it will be important to take at least the largest of such potential interactions into account.
Finally, only limited adaptation was accounted for in BRACE impact studies. Anderson et al. (2016b) test the sensitivity of heat-related mortality to adaptation, but no explicit adaptation options are modeled. Rather, the study quantifies the consequences of generic adaptation actions that lessen vulnerability at a hypothetical pace over time. Future work that tested whether specific options could achieve such reductions in vulnerability would improve on this approach. As another example, Ren et al. (2016) quantify economic impacts on agriculture in a model that incorporates some autonomous adaptation measures. For example, the agriculture industry, when faced with less productive land due to the effects of climate change, responds endogenously by shifting inputs to production among land, labor, capital, energy, and material inputs. This response can lessen the costs of climate change impacts on the agriculture sector. However, the study does not explicitly quantify the magnitude of this adaptive response, nor does it account for other potentially important types of adaptation such as crop-switching. Thus, the avoided impact results in this study can be viewed as conservative with respect to adaptation.
Given these caveats, the BRACE results-like any single impact study or project-cannot be taken as a definitive statement on the avoided impacts likely to result from emission reductions that would reduce warming from more than 3.5 to around 2.5°C. Nonetheless, when considered as part of the broader and accumulating literature on avoided impacts, these results add to our understanding of the potential benefits of reduced climate change. Heatrelated impact reduction is the most robust avoided impact. Societal conditions that affect the vulnerability of the population stand out as a key determinant of risk reduction, potentially informing efforts to integrate vulnerability into frameworks for characterizing climate risk (O'Neill et al. 2017a) . We hope that lessons from the study can stimulate more and better future work on avoided impacts.
